ABSTRACT
Introduction
Rice is the major staple food for more than half of the world population and 90% of it is being produced and consumed in Asia. It is the major crop in most floodprone areas of South and South-East Asia [1] . Flash flood or submergence is a common phenomenon in mainly lowland areas, subject to monsoon rains, seriously affecting crop establishment as well as survival, leading to severe yield losses. It imposes a complex abiotic stress in flood-prone ecosystem, because it substantially reduces crop stand, especially if it occurs during early vegetative stage and prolongs for more than a week [2] .
The average rice productivity of submergence-prone areas in eastern India is 0.5 -0.8 tonnes (t) ha −1 , whereas it is about 2.0 t ha −1 for favourable rainfed lowlands, being much lower than the input-intensive irrigated system (5.0 t ha −1 ). However, these flood-prone ecosystems have enormous potential for more food production to meet the ever increasing demands for rice supply because of the predominance of good soils and freshwater resources [3] .
West Bengal is one of the eastern states with 2.7% of the geographical area and about 7.6% population in India [4] , and it ranks first in rice area and production in the country. About 30% of the rice growing area in this state comes under the purview of rainfed lowlands which suffer from frequent flash floods due to erratic distribution of rainfall during wet (kharif) season causing drastic crop yield reduction [5] .
The International Rice Research Institute (IRRI) has made considerable progress in developing a Marker Assisted Backcrossing (MABC) system for the major QTL SUBMERGENCE1 (SUB1), associated with submergence tolerance in rice. Through MABC, a number of new varieties have been developed by the introgression of the SUB1A gene into mega rice varieties and these new varieties can ensure rice production in flood-prone areas because of their tolerance to complete submergence [3, 6, 7] . However, nutrient recommendations have not been specially developed for flood-prone areas and farmers often avoid using inputs as a risk aversion strategy. The availability of tolerant varieties provides more opportunities for developing and validating proper management options effective in flood-prone areas, which could further boost and stabilize the productivity of these varieties [8] [9] [10] . Damage from submergence is most likely when rice plants are small, and the damage seems higher if the plant nutrition is unbalanced. Therefore, improving seedling health in nursery through balanced nutrient management may lead to better crop establishment [11, 12] . It is unclear if some nutrient elements can actually increase submergence tolerance if applied at rates above balanced applications. Addition of farm yard manure (FYM) can also be helpful for producing robust seedlings. Proper seedbed nutrient management can contribute considerably to maximizing submergence tolerance and grain yield of rice crop in main field [13] . Late transplanting of older and taller seedlings may be another promising option although too old seedlings are less productive. Seed density in rice nursery also needs to be adjusted to avoid weak seedlings. Post-submergence nutrient management can also contribute substantially towards increasing productivity in flood-prone areas [14] . In particular, nitrogen has been reported to be the only possible limiting nutrient for rice production in flood-prone areas [15] . Some of the farmers in these areas usually broadcast a small amount of only nitrogenous fertilizers without following any solid recommendation. Possibilities of recurrent submergence during the season are one of the reasons for avoiding nutrient application [6, 10] . There exists vast possibility for increasing rice production and harnessing the productivity potentials of submergence-affected areas with the use of submergence-tolerant varieties, particularly when combined with best management practices specific for these areas. Considering this background, we conducted experiments to find out appropriate management options in nursery as well as post-submergence nitrogen management in main field.
Materials and Methods
Details of field experiments conducted at the Rice Research Station (RRS), Chinsurah (on-station) and as well as at the farmer's fields (on-farm) during wet (kharif) season of 2011 are presented in Table 1 .
On-Station Experiments
Two on-station field experiments were conducted during wet (kharif) season of 2011 at the RRS, Chinsurah, Hooghly, West Bengal (India), located at 22˚52'N latitude and 88˚24'E longitude with an altitude of 8.62 m above mean sea level. Soil samples were collected prior to the start of experimentation and analysed using standard protocols [16] . The soil of the experimental site was clay loam having physico-chemical characteristics as described in Table 2 . The climate of West Bengal is, in general, tropical and humid which is very conducive for growing rice. The temperature in the mainland normally varies from 24˚C to 40˚C during summer and from 7˚C to 26˚C during winter. Meteorological data pertaining to the period of experimentation were recorded at the RRS, Chinsurah. Maximum rainfall (more than 90% of the total) occurred during May-October, ranging from 100.0 mm to 508.2 mm. The total rainfall in the year was 2116.0 mm, which was 662.3 mm more than the normal rainfall of 1453.7 mm. Because of heavy rainfall with its uneven distribution, the crop between the age of 2 to 3 months experienced natural submergence twice on September 15, 2011 (40 -50 cm depth of water for 6 days) and September 26, 2011 (30 -40 cm depth of water for 4 days) (Figure 1 ).
Nursery Management (Experiment 1)
The experiment was laid out in a factorial randomized block design and replicated thrice using the rice variety Swarna-Sub1. , and two seedling ages at transplanting (A); A 1 : 30 days and A 2 : 44 days. In each nutrient management treatment, 25 kg N was supplied through 5 t ha −1 of FYM and the remaining N, P and K was supplied through chemical fertilizers.
Staggered nursery seeding at 14 days interval was done to facilitate same day transplanting. The crop was sown in nursery bed on July 18, 2011 (A 1 ) and July 04, 2011 (A 2 ), and transplanted in main field on August 17, 2011. Individual plot size was 2 × 1 m for nursery bed and 5 × 4 m for main field experiments. One-tenth area was used for nursery seeding and accordingly fertilizer 
On-Farm Experiments
On-farm experiments were also simultaneously taken up in the same crop season with Swarna-Sub1 to ascertain the effect of selective treatments in farmers' fields. : 80-40-40 kg ha −1 were used for nursery raising. In each nutrient management treatment, 25 kg N was supplied through 5 t ha −1 of FYM and the remaining N, P and K was supplied through chemical fertilizers. These seedlings were subsequently transplanted in main field with plot size of 100 m 2 for individual nursery treatment, following similar management practices. All the farmers' field trials of Pandua Block faced natural submergence due to flash flood with water depth of 40 -50 cm for 4 -7 days at 40 days after transplanting (DAT).
Nursery Management (Experiment 1)

Post-Submergence Nitrogen Management
(Experiment 2) At seven farmers' fields of the village Baidyabati Chawk, Serampore-Uttarpara Block, Hooghly, West Bengal, the effect of additional N-doses, applied at 7 DAD, was studied, keeping individual plot size of 100 m 2 for each treatment. On-farm trials at the village faced flash floods at 43 DAT causing submergence with water depth of 60 -70 cm for 10 days.
All the participatory farmers of three different villages applied a common dose of N-P 
Observations Recorded and Statistical Analysis
In the on-station experiments, observations in terms of survival and growth measurements were recorded in nursery and main field experiments. In nursery, ten seedlings were randomly uprooted from each plot to observe the oven dry weight for calculating dry matter accumulation (DMA). Root and shoot lengths of seedlings were also recorded at the same time. ) were recorded. These data for on-farm trials were simply averaged out and presented along with standard deviations. Whereas, on-station experimental data was analysed with Fisher's ANOVA using the MSTAT-C statistical computer package. The least significant difference (LSD) at 5% probability was used to compare means of the treatments [17] . ) and root length (16.03 cm) at the time of transplanting ( Table 3) . Significantly better performance of the seedlings so produced (D 2 ) was reflected in main field also in terms of their survival (94.27%), plant height (103.96 cm), root length (22.05 cm) and number of tillers produced m −2 (210.92 and 357.08 at 25 and 45 DAT, respectively) ( Table 4) . Significant effect of seed density was also observed on all the yield components of Swarna-Sub1 (Table 5) ; however, days to 50% flowering and days to maturity did not show any significant variation due to treatment effects (Figure 2(a) ). Significantly higher grain yield (5.29 t ha −1 ) was produced ( Table 5 ) when seeding was done using lower seed rate (25 g m −2 ) in comparison to that with higher seed rate of 40 g m −2 (D 1 ). Lower seeding rates in nursery were beneficial for better seedling vigour [13] and seedling vigour was earlier reported to be an important contributor to subsequent tillering quality and yield of rice [18] . Proper seeding density and nutrient management are the key considerations for obtaining strong seedlings which would produce more number of large panicles, whereas, weak seedlings under dense sowing would have less or no tillers [19] . 2) Effect of nutrient management: The levels of nutrient management in nursery had a significant impact on growth, yield attributes and grain and straw yields (Tables 4 and 5) except days to 50% flowering and maturity (Figure 2(a) ). Application of the nutrient dose of N-P 2 O 5 -K 2 O @ 80-40-40 kg ha −1 (NM 2 ) in nursery significantly recorded better seedling vigour (Table 3) , more survival after submergence (93.80%) and improved crop stand (Table 4) , thereby producing significantly higher grain yield of 5.39 t ha −1 and straw yield of 7.15 t ha −1 in main field, compared with the other treatments ( Table 5) . In respect of yield performance, next in order were NM 3 and NM 1 , being N-P 2 O 5 -K 2 O @ 60-40-40 and 50-25-25 kg ha −1 respectively. Moreover, application of at least 25 kg N ha −1 through 5 t FYM ha −1 and the remaining amount of recommended N dose through inorganic fertilizer might be considered useful, irrespective of nutrient levels. Balanced application of N-P 2 O 5 -K 2 O in nursery application were beneficial [13, 20, 21] .
Results and
3) Effect of seedling age: A significant gain was observed only in DMA (0.93 g seedling −1 ) by nursery seedlings when aged seedlings of 44 days were used ( Table 3 ). The effect of aged seedlings was significantly reflected in main field with regard to better crop survival after submergence, improvement of crop stand and growth (Table 4) , days to 50% flowering and maturity (Figure 2(a) ), grain and straw yields along with major yield components ( Table 5 ). All the above and below ground characteristics of rice plants, before and after transplanting, would vary with seedling age [22, 23] , growing environment [24] and seeding rate [25] . Seedling age might be directly related to survival after submergence. Older seedlings were more tolerant to complete submergence, because of higher vigour and mature tissues, lower underwater shoot elongation and high carbohydrate content than younger seedlings [10, 26] . Seedling age of 44 days was found to record the highest grain yield of 5. , indicating that the treatments helped the surviving rice plants to assume faster growth and establishment ( Table 4) . Roots also differed significantly in their length (Table 4) ; however, the plants could better establish themselves thereafter with the application of higher doses of additional N, significantly registering higher values of yield components viz. panicle length, number of panicles m −2 and 1000-grain weight, compared with the lowest N-dose ( Table 5) . The crop flowered and matured mostly at the same time, irrespective of additional N-doses (Figure 2(b) ). The highest grain yield (6.00 t ha −1 ) was, however, recorded with the additional dose of 20 kg N ha −1 (N 2 ), which remained at par with 30 kg N ha −1 (N 3 ). The ability for faster recovery and early tiller formation following post-submergence application of higher N-doses might be the reasons for higher grain yields. Maximum grain yield increment under the optimum dose of added N was obviously due to the highest production of panicles m −2 (310.33), filled grains panicle −1 (121.55), panicle length (23.30 cm) and 1000-grain weight (20.08 g) along with minimum spikelet sterility (16.09%). Plant growth and yield might not only depend on carbohydrate production through photosynthesis but also on mineral absorption by the roots and its assimilation [10] . Significant decline in grain and straw yields was recorded with the lowest N-dose (N 1 ). Since a part of applied N, if not absorbed rapidly by plants, might be lost through gaseous emission, percolation or runoff, the lowest N-dose was not enough to meet the crop's demand after submergence [27] .
2 ) and harvest index (0.412) ( Table 5 ). Time of additional N-application, however, did not exhibit any remarkable variation with respect to flowering and maturity (Figure  2(b) ). This might be due to the fact that surviving plants could recover faster and resume their normal vegetative growth, overcoming the damage caused during submergence, when additional dose of N was applied at 7 DAD [12] . Rice plants could rapidly absorb the additional dose of fertilizer N applied at 7 DAD which possibly matched with the crop's demand after growth recovery. Next in order was N-application at 10 DAD (T 3 ), when 65% -70% plants started showing at least one green leaf. The reductions in grain yield occurred to the tune of 5.38% and 2.88% when additional N-dose was applied earlier at 4 DAD (T 1 ) and lately at 10 DAD (T 3 ) compared to 7 DAD (T 2 ). Such yield decline was mainly attributed to the reductions in panicle length, grain filling, number of panicles m −2 and 1000-grain weight. Although flooded soil might supply some N both from the flood water and the soil, rice plants were so stressed after submergence that they could not exploit the nutrients from the flooded soil due to their poor establishment and growth. Therefore, time of N fertilization during the post-submergence period might be one of the crucial factors for determining the recovery growth which would be very important when stand establishment was completely destroyed by flash flood submergence [8] . Crop plants got damaged at the vegetative stage owing to the destruction of leaf blades and leaf sheaths. New shoots emerged from the tiny stem at the base of damaged plants during the post-submergence period. Good recovery growth during this period could be considered as re-establishment of the crop after flash flood damage [10] . Regrowth and consequently grain yield were much better with N fertilization at 15 days after the drainage of water than N application immediately after the drainage of water [28] ; however, small additional amount of N might be applied at any time, preferably at one week after the recession of floods [27, 29] .
On-Farm Experiments
A total of seven participatory farmers cultivated Swar na-Sub1 at the village Baidyabati Chawk under Serampore-Uttarpara Block (Hooghly, West Bengal). N-doses as per treatments were applied at 7 DAD over and above to the recommended fertilizer dose after receding of flood water. All of them recorded higher grain yields with the optimum dose of additional 20 kg N ha −1 , followed by 30 and 10 kg N ha −1 ( Table 6) . As a whole, farmers achieved an average grain yield of 6.13 t ha −1 with the additional topdressing of 20 kg N ha −1 (N 2 / ), being 5.00 and 13.9% higher than that of 10 and 30 kg N ha −1 , respectively. Such higher grain yields were attributed to the production of more number of panicles m −2 along with improved grain filling ( Table 6 ). The farmers also had a common observation that Swarna-Sub1 started to regenerate vigorously with the emergence of a large number of tillers, following post-submergence application of 20 kg N ha −1 as additional dose. On the other hand, the neighbouring farmers neither used to grow the submergence-tolerant variety, nor did they apply any particular fertilizer doses at a particular time expecting their own common practice, which caused poor crop survival after submergence, leading to nominal yields. The varieties they used for cultivation were completely destroyed in some patches, very few plants survived in some other patches and surviving plants did not show good growth in absence of proper post-flood nutrient management.
Conclusion
The salient findings of on-station and on-farm trials were 1) raising of healthy and vigorous seedlings using lower seeding density (25 g m Lower seeding rate and balanced rate of N-P 2 O 5 -K 2 O in nursery are beneficial, whereas, transplanting of very young seedlings should be avoided. These cost-effective options are expected to further enhance the field performance of Swarna-Sub1 after submergence and thus would be highly helpful to the resource-poor farmers in flash flood-prone areas of West Bengal.
